Antimicrobial resistant (AMR) Neisseria gonorrhoeae strains are common and compromise 26 gonorrhoea treatment internationally. Rapid identification and characterisation of AMR 27 gonococcal strains could ensure appropriate and even personalised treatment, and support 28 identification and investigation of gonorrhoea outbreaks in nearly real-time. Whole-genome 29 sequencing is ideal for investigation of the emergence and dissemination of AMR 30 determinants that predict AMR in the gonococcal population and spread of AMR strains in 31 the human population. The novel, rapid and revolutionary long-read sequencer MinION is a 32 small hand-held device that can generate bacterial genomes within one day. However, the 33 accuracy of MinION reads has been suboptimal for many objectives and the MinION has not 34 been evaluated for gonococci. In this first MinION study for gonococci, we show that 35 MinION-derived sequences analysed with existing open-access, web-based sequence analysis 36 tools are not sufficiently accurate to identify key gonococcal AMR determinants.
Assembly and assessment. To identify the ideal tool for obtaining a high quality de novo 160 assembly using only ONT reads, we evaluated Canu (v1.6) 44 , Miniasm (vr122) 45 The assemblies obtained from Miniasm using 2D ONT reads were error corrected twice 174 using Racon (v1.3.0) 49 and polished with the signal-level consensus software, nanopolish 175 (v0.7.1) (available from: https://github.com/jts/nanopolish). Briefly, 2D ONT reads were 176 mapped as all-vs-all read self-mapping using Minimap with the following options: -S, -w 5, -177 L 100, -m 0. Subsequently, Miniasm was executed with default options. The 2D ONT reads 178 were mapped back to the assembly with Minimap (default parameters) and corrected with 179 Racon with default parameters, and this was repeated one time. Burrows-Wheeler Aligner 180 (v0.7.17-r1188) (BWA-MEM) 50 with the -x ont2d option was then used to map all reads back 181 to the Racon-corrected assembly to be used as the input for Nanopolish. Nanopolish was run 182 with default parameters and --min-candidate-frequency 0.1. Furthermore, Canu assemblies 183 were error corrected with Pilon (v1.22) 51 , Circlator (v1.5.3) 52 and Nanopolish. All error 184 corrections for the Canu assemblies with the above-mentioned tools were performed with 185 default parameters.
186
Finally, to evaluate the accuracy of our assemblies, the ONT (corrected and non-187 corrected) and hybrid assemblies for the WHO reference strains were compared with the 188 finished and closed 2016 WHO gonococcal reference genomes 41 . All 2D ONT reads were 189 aligned to the genome sequence of respective WHO reference strain, to be able to easily and 190 directly determine the quality and accuracy using BWA-MEM (for mapping and 191 phylogenetics) and Quast (v4.6.0) (for de novo assemblies). The top three assessed ONT de 192 novo assemblies and the best hybrid assemblies were subjects for downstream analysis. Gene 193 coding sequences (CDS) were annotated using Prokka (v1.12) on the chosen assemblies 53 .
195
Multiple-sequence alignment and phylogenetics. All Illumina and 2D ONT reads were 196 mapped to the chromosome of FA1090 (GenBank: NC_002946.2) separately using MEM, the 2D ONT reads were specified using the nanopore option (-x -ont2d). All The best performing tool of assembly and subsequent detection of AMR determinants 222 was subsequently used to characterise the clinical isolates (n=14). Supplementary Table) . We selected and analysed ONT assemblies produced by Canu using 242 only 2D reads and polished with Nanopolish, Miniasm twice error corrected with Racon and 243 polished with Nanopolish, and SMARTdenovo. Furthermore, the MaSuRCA hybrid 244 assemblies (based on the ONT plus Illumina reads) were selected for downstream analysis 245 (Table 1) . Generally, ONT assemblies based on only the 2D ONT reads had a higher accuracy 246 compared with assemblies using all reads (1D and 2D ONT reads) with fewer mismatches but 247 very modest to no change in contiguity of the assemblies and fraction of the WHO reference 248 genome covered. All error corrections were made using only 2D ONT reads and statistics 249 such as mismatches and indels improved. Nanopolish had the best performance of the tested 250 error correction tools and reduced the number of indels by up to 13 times. Assemblies 251 produced with hybridSPAdes were more affected by the lower numbers of ONT reads, i.e. 252 when using only 2D ONT reads. The hybrid assembly using SPAdes had less contiguity (up 253 to 5.5 times more contigs) with higher number of mismatches (up to 4.4 more mismatches per 254 100 kb) and introductions of misassemblies ( Supplementary Table) . In general, the 2D ONT 255 reads were used more efficiently by MaSuRCA for hybrid assembly, with overall improved 256 statistics especially for contiguity and mismatches.
257
Although the length of the assemblies based on the ONT sequences did not largely differ (Table 1) .
263
Error corrections using Pilon and Circlator, which is not designed for error correction, did 264 not substantially improve the assemblies ( Supplementary Table) with the nanopore -x ont2d option, no SNPs between the ONT reads and the respective 273 reference genomes were detected, but we found variation in the number of 2D ONT reads and 274 percentage mapped to the FA1090 reference genome (Fig. 2) . Therefore, the BWA-MEM 275 nanopore option was used when mapping all 2D ONT reads to the FA1090 reference genome 276 for the phylogenetic analysis ( Fig. 3) . By creating the phylogeny with the ONT-produced 277 genomes (n=28) and Illumina MiSeq genomes (n=28) separately, we showed that the ONT 278 sequenced libraries produced a phylogenetic tree topology that was comparable with the one 279 using the Illumina dataset (Fig. 3b ). The main difference in the tree topology was that WHO 280 G and WHO N were closer to the root when Illumina sequences were used for the phylogeny.
281
Moreover, all identical isolates separately sequenced with ONT and Illumina clustered 282 together, except for some (n=7) of the clinical isolates where the Illumina sequences were 283 more closely related. In four of these cases (11 cervix (C)/12 rectum (R) and 13 (R)/14 urethra 284 (U)), the isolates were from the same patients but from different anatomical sites. For three 285 isolates (5, 6 and 7), the Illumina sequences were also more closely related but all of the 286 separately sequenced datasets were still on the same branch showing that these isolates were 287 very similar (Fig. 3a) . WGSA is an easy-to-use web interface where you drag-and-drop the assemblies into the 294 web browser and the characterisation is done in minutes 21 . We used this interface for all 295 chosen assemblies (n=112) and the analysis of AMR determinants took 15 minutes. We 296 observed good concordance overall with the verified AMR determinants in the reference 297 genomes ( (Table 3) .
305
Out of the 2D ONT assemblies, the SMARTdenovo assembly performed the best. 306 We also used the PubMLST database, which is another easy-to-use web based tool, that (Table 3) .
315
The NG-STAR database 56 , included in the WHO CC in house-customised CLC 316 Genomics Workbench, gave 100% concordance for the presence of all AMR determinants 317 characterised in NG-STAR 56 with the reference genomes ( Table 2) . All the plasmid-mediated 318 14 AMR determinants (Table 3 ) and the AMR determinants penB, 16S rDNA, and parC were 319 also correctly characterised. The customised CLC Genomics Workbench was therefore used 320 to characterise the AMR determinants in the clinical isolates using only the 2D ONT reads. Illumina reads. Consequently, resistance or decreased susceptibility to extended-spectrum 341 cephalosporins, azithromycin, spectinomycin, ciprofloxacin, tetracycline, and penicillin could 342 be accurately predicted using solely 2D ONT reads (Table 4) . In the present study, we show that gonococcal genomes can be de novo assembled with high contain incorrect internal stop codons and false pseudogenes. Generally, the 2D ONT reads 362 generated more accurate assemblies than the 1D ONT reads and were used in the majority of 363 our downstream analysis. We aimed to obtain highly accurate de novo assemblies to be able 364 to rapidly identify relevant gonococcal AMR determinants to predict AMR, using only user-365 friendly and rapid online sequence analysis tools such as WGSA (www.wgsa.net) 21 and 366 PubMLST (www.pubmlst.org). Using these online tools, the characterisation of AMR 367 determinants was generally inaccurate using ONT assemblies and, as expected, highly 368 accurate with hybrid assemblies. However, the in house-customised CLC Genomics 369 Workbench workflow, including the NG-STAR database 56 , provided 100% concordance with 370 the AMR determinants of the PacBio sequenced 2016 WHO gonococcal reference genomes 41 371 using only 2D ONT reads. We can also extract additional AMR determinants and in general 372 genes of interest that are not included in the online tools, because our AMR database is fully 373 customisable. The software workflow is based on extraction of the genes of interest in the 374 customised database from a de novo assembly using BLAST algorithms optimised for each 375 AMR determinant and reporting the highest hit, i.e. not only the 100% hit, in also genes with 376 premature stop codons. This is essential because the ONT de novo assemblies are prone to 377 errors. The main limitations of any CLC Genomics Workbench are that it is commercial (not 378 an open-source online tool) and it has fairly high system requirements (16-32 GB RAM).
379
Nevertheless, it has a simple general user interface for users who are not familiar with 380 command line bioinformatics and is available to all widely used operating systems.
381
Hopefully, open-source tools and public databases that can handle error-prone assemblies will 382 be inspired by this approach and incorporate e.g. NG-STAR data 56 rendering costly software 383 obsolete. NG-STAR can currently not use genome assemblies as input for determining the 384 AMR profiles, which limits its possibilities when performing WGS.
385
Easy and rapid genome sequencing, using platforms such as the ONT MinION, in 386 combination with algorithms that can appropriately predict AMR profiles using only genetic 387 data could be very valuable in future surveillance of gonococcal AMR and spread of AMR 388 gonococcal strains, nationally and internationally. Using the customised CLC Genomics 389 Workbench, we showed that all isolates expressing decreased susceptibility to extended-390 spectrum cephalosporins (ESCs; cefixime and ceftriaxone) were carrying a mosaic penA allele 391 or a penA A501 substitution, which are associated with decreased susceptibility or resistance 392 to ESCs. Furthermore, one azithromycin resistant isolate (MIC=4 mg/L) contained the 393 C2611T mutation in four alleles of the 23S rRNA gene, conferring azithromycin resistance.
394
This macrolide-resistance mutation can be challenging to detect accurately in gonococci 395 because of the four alleles of this gene in the gonococcal genome. The number of 23S rRNA 396 gene alleles containing the C2611T mutation is associated with the level of resistance to 397 azithromycin. We included a separate analysis to detect the frequency of the mutated 23S 398 rRNA gene alleles by mapping the 2D ONT reads to a 23S rDNA reference and analysing the 399 frequency of variation across the gene. We also showed that all ciprofloxacin resistant isolates 400 contained mutations in the gyrA gene (resulting in amino acid substitution S91F) and isolates 401 that also had mutations in parC (resulting in amino acid substitutions D86N, S87R and E91G) 402 displayed high-level resistance to ciprofloxacin. Finally, the decreased susceptibility and 403 resistance to penicillin could mainly be explained by mutations in penA and ponA, while 404 resistance to tetracycline appeared to be due to factors other than only rpsJ and the tet(M) 405 carrying plasmid.
406
The use 2D ONT reads for phylogenomics of gonococci, e.g. for molecular 407 epidemiological surveillance purposes, would be exceedingly valuable for outbreak 408 investigations and monitoring in nearly real time in local, national and international 409 gonococcal surveillance programmes, which aim to replace traditional, labour intensive and 410 less accurate genotyping techniques such as N. gonorrhoeae multi-antigen sequence typing 411 (NG-MAST) and multi-locus sequence typing (MLST) with WGS techniques 21 . Accordingly, 412 we examined the accuracy of performing phylogenomic analysis using 2D ONT reads 413 mapped to a reference genome using BWA-MEM with the nanopore option, and building a 414 phylogeny using the multiple sequence alignment. The ONT data produced a phylogenetic 415 tree topology that was comparable with the one using the Illumina dataset and similarly 416 clustered all related isolates (Fig. 3) . However, the number of isolates was limited and the 417 genomic heterogeneity of the strains was high, which might have slightly biased our analysis.
418
Interestingly, the clustering of isolates was not highly dependent on the number of 2D 419 reads (Fig. 1 ). This suggests that the read length provides sufficient genome coverage even 420 when a relatively low number of reads are available. For example, the lower number of 2D 421 reads for WHO G (Fig 1) still provided a 99.96-100% genome fraction (Supplementary   422   Table) and, accordingly, the read length compensated for the low number of reads. For the 423 different WHO reference strains, 89.93-100% fraction of the PacBio-sequenced genomes 424 were covered by the ONT reads ( Supplementary Table) . Consequently, for some purposes 
433
In conclusion, we show, in the first MinION study for gonococci, that ONT sequences 434 analysed with currently existing open-access, web-based sequence analysis tools are not 435 sufficiently accurate to identify key gonococcal AMR determinants. However, using an 436 appropriate analysis workflow such as an in house-developed CLC Genomics Workbench, we 437 show that ONT sequence data can be used for rapid and accurate identification of AMR 438 determinants to predict decreased susceptibility or resistance to recommended therapeutic 
